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Brain metastasis is a significant clinical problem, yet the mechanisms governing tumor
cell extravasation across the blood-brain barrier (BBB) and CNS colonization are unclear.
Astrocytes are increasingly implicated in the pathogenesis of brain metastasis but
in vitro work suggests both tumoricidal and tumor-promoting roles for astrocyte-derived
molecules. Also, the involvement of astrogliosis in primary brain tumor progression
is under much investigation. However, translation of in vitro findings into in vivo and
clinical settings has not been realized. Increasingly sophisticated resources, such as
transgenic models and imaging technologies aimed at astrocyte-specific markers, will
enable better characterization of astrocyte function in CNS tumors. Techniques such as
bioluminescence and in vivo fluorescent cell labeling have potential for understanding the
real-time responses of astrocytes to tumor burden. Transgenic models targeting signaling
pathways involved in the astrocytic response also hold great promise, allowing translation
of in vitro mechanistic findings into pre-clinical models. The challenging nature of in vivo
CNS work has slowed progress in this area. Nonetheless, there has been a surge of
interest in generating pre-clinical models, yielding insights into cell extravasation across
the BBB, as well as immune cell recruitment to the parenchyma. While the function
of astrocytes in the tumor microenvironment is still unknown, the relationship between
astrogliosis and tumor growth is evident. Here, we review the role of astrogliosis in both
primary and secondary brain tumors and outline the potential for the use of novel imaging
modalities in research and clinical settings. These imaging approaches have the potential
to enhance our understanding of the local host response to tumor progression in the brain,
as well as providing new, more sensitive diagnostic imaging methods.
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Metastasis, the spread of cancer from the primary tumor site to
distant organs, is the leading cause of cancer morbidity and mor-
tality and 10–40% of all cancer patients will develop metastatic
spread to the brain (Nussbaum et al., 1996). However, our under-
standing of brain metastasis is still incomplete, and the unique
microenvironment of the CNS, both on a cellular and metabolic
basis, means mechanistic insights from peripheral organs cannot
be readily translated. The processes underlying the extravasation
of neoplastic cells across the blood-brain barrier (BBB), their sub-
sequent colonization of the perivascular space (Carbonell et al.,
2009) and later the parenchyma, are yet to be fully characterized.
Progress in this area is limited by the lack of robust in vitro assays
that truly reflect the complex nature of the CNS. It is necessary,
therefore, to develop better pre-clinical models, in tandem with
sophisticated imaging modalities, to better allow the investigation
of the pathogenic mechanisms underlyingmetastasis progression.
In turn, imaging may identify novel biomarkers for early tumor
detection and new therapeutic avenues.
Astrocytes are the most abundant member of the glial fam-
ily and have multiple roles in the central nervous system. As
well as providing structural support for neurons and the BBB,
as outlined below, they play an integral role in maintaining CNS
function, participating in synaptic activity, mediating ionic and
transmitter homeostasis, and regulating blood flow. At the same
time, astrocytes actively respond to challenges such as infec-
tion, injury, ischemia, and neurodegeneration, by changing their
transcriptional profile and morphology in the process of reac-
tive astrogliosis, which has been extensively reviewed (Pekny and
Nilsson, 2005; Sofroniew, 2009; Middeldorp and Hol, 2011) and
is characterized by up-regulation of glial fibrillary acidic protein
(GFAP).
This review aims to detail the role of astrocytes in both primary
and secondary CNS tumors, as determined from both in vitro
studies and in vivo pre-clinical models. Secondly, novel imaging
techniques, many of which have been successfully used in other
neuropathologies, will be discussed in the context of investigat-
ing astrogliosis in CNS tumors, both in vivo and potentially in the
clinic.
PRE-CLINICAL MODELS; MECHANISTIC INSIGHTS INTO THE
ROLE OF ASTROCYTES IN CNS TUMORS
PRIMARY BRAIN TUMORS
Besides the malignant astrocytes that comprise many primary
brain tumor sub-types, a role for stromal astrocytes in tumor
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progression has been constructed through human biopsy sam-
ples, co-culture in vitro experiments and transgenic in vivo mod-
els. Broadly speaking, two main forms of malignant brain tumor
exist, as classified according to cellular origin; oligodendrocy-
tomas, comprised of oligodendrocytes, and astrocytic neoplasms,
also known as gliomas, which can be further stratified into diffuse
astrocytoma, anaplastic astrocytoma, and glioblastoma multi-
forme (GBM) (Louis et al., 2007). GBM consists of neoplastic
astrocytes that are poorly differentiated, and is characterized by
high invasive potential and angiogenesis. It is the most commonly
diagnosed and aggressive glioma in adults and, hence, will be the
focus of work described here.
Immunohistochemistry reveals reactive astrocytes surround-
ing glioma in both human biopsies (Nagashima et al., 2002) and
murine models, as shown in Figure 1, and have been proposed
to have pro-immunogenic roles. For instance, glioma associated
astrocytes have a markedly different mRNA expression profile
to normal astrocytes, primarily displaying components of the
antigen presentation pathway, such as MHC Class II proteins
(Katz et al., 2012). This observation suggests that astrocytes inter-
act with “helper” T cells, leading to localized inflammation.
Astrocytes surrounding human glioma biopsies secrete CCL2,
a macrophage and T cell recruiting chemokine, with a strong
positive correlation between CCL2 expression and T cell infil-
tration (Carrillo-De Sauvage et al., 2012). However, as with all
aspects of the immune response to tumor growth, it does not
necessarily follow that the presence of T cells leads to tumor
cell clearance. Indeed, Barcia et al. demonstrate that although
T cells infiltrate the GBM microenvironment, very few cyto-
toxic T cells (CTLs) make immunological synapses with tumor
cells, whilst there is a greater population of potential regu-
latory T cells (Barcia et al., 2009), which attenuate immune
responses.
Further evidence that this interaction downregulates immune
function comes from co-culture experiments. Co-culture of either
GBM astrocytes or normal human astrocytes with T cells, leads
to a downregulation of IFN-γ production (Kostianovsky et al.,
2008), hence inhibiting effector function. Additionally, astrocytes
have been shown to directly induce T cell apoptosis via cell-cell
contacts; astrocytoma derived astrocytes express Fas ligand (FasL)
which interacts with Fas expressing cells, such as T cells, to induce
cytolysis (Saas et al., 1997). This mechanism is not restricted
to malignant astrocytes, but has been demonstrated in normal
astrocytes (Bechmann et al., 1999, 2002), suggesting that astro-
cytes in the glioma periphery could also be involved in repressing
anti-tumor immune function.
Interactions with microglia, as well as infiltrating monocytes,
also indicate that astrocytes could play a role in modulating
immune function in the tumor periphery. Both GBM derived
malignant astrocytes and normal human astrocytes suppressed
TNF secretion by microglia and monocytes, and also inhib-
ited the ability of these cell types to activate T cells owing to
downregulation of co-stimulatory molecules (Kostianovsky et al.,
2008).
FIGURE 1 | Astrocyte activation, as determined by GFAP staining, is
present in the peri-tumoral area of both primary (A) and secondary
(B) tumors. (A) (i) In a mouse model of glioma, the growth of DBRTG
glioma cells can be seen in green (GFP labeled), adjacent to a wall of
astrocyte activation, seen in red (Alexa555 probe) (ii). The merged image
(iii) indicates little infiltration of activated astrocytes into the tumor mass,
as quantified by arbitrary fluorescence units of GFAP activity (C). Figure
adapted from Lee et al. (2011). (B) In a mouse model of lung derived
brain metastasis, in which HARA-B cells were inoculated intra-cardially,
astrocyte activation (Cy3 probe, red) was observed surrounding
metastatic growth (Alexa488 probegreen). As with the glioma model,
astrocytes are present in the tumor periphery, rather than the core. The
extent of astrocyte activation increased with tumor size (D). Figure
adapted from Seike et al. (2011).
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Interleukin-1β (IL-1β) has been identified in reactive astro-
cytes in the glioma periphery, suggesting an anti-tumor immune
response (Nagashima et al., 2002). Conversely, in vitro, IL-1β
has been implicated in inducing glioma invasion (Bryan et al.,
2008; Huang et al., 2009), as well as promoting tumor growth
via autocrine induction of TNF signaling (Chung and Benveniste,
1990; Adachi et al., 1992). Other astrocyte-derived cytokines,
such as stromal derived factor-1(SDF-1), have also been identi-
fied in vitro as enhancing glioma growth (Barbero et al., 2003) and
invasiveness (Zhang et al., 2005). Furthermore, this invasive phe-
notype has been demonstrated in vivo using a transgenic mouse
model in which glioma is induced by platelet derived growth
factor (PDGF) over-expression. In this study, stromal astrocytes
in the peri-tumoral region were shown to express elevated lev-
els of Tenascin-C (TN-C) (Katz et al., 2012), an extra-cellular
matrix glycoprotein, previously shown to promote GBM invasion
(Sarkar et al., 2006).
Matrix metalloproteinases (MMPs) have been proposed to
play a key role in mediating glioma invasion through the
parenchyma, and peri-tumoral reactive astrocytes have been
shown, immunohistochemically, to express MMP2 in post-
mortem samples (Nagashima et al., 2002). At the same time,
in vitro co-culture experiments between human fetal astro-
cytes and human glioma cell lines (U251N and U87), indicate
that soluble factors released by glioma cells cleave the MMP2
pro-enzyme to its active form (Le et al., 2003), demonstrat-
ing the dynamic interaction between GBM and the stroma.
Angiogenesis is another key feature of GBM, and vascular
endothelial growth factor (VEGF), a mediator of de novo ves-
sel formation in glioma (Plate et al., 1993), has been observed
in reactive stromal astrocytes (Nagashima et al., 1999, 2002).
These findings suggest another route by which astrocytes drive
tumorigenicity.
SECONDARY BRAIN TUMORS
As mentioned, the dissemination of cancer cells from primary
tumors to the brain is a common end-point for cancer patients
with metastatic disease and is associated with poor progno-
sis. Most frequently, metastatic cells that colonize the CNS are
derived from lung tumors, followed by melanoma, breast and
renal malignancies (Barnholtz-Sloan et al., 2004). The molecu-
lar mechanisms governing such pathologies are beyond the scope
of this article, and are yet to be fully characterized, although
specific gene signatures have been shown to be predictive of
brain metastasis (Bos et al., 2009; Harrell et al., 2012; Lee et al.,
2012). To understand the complexities of the brain metastatic
process, and the involvement of astrocytes, we must first consider
the BBB.
The BBB serves as both a physical and metabolic barrier,
separating the interstitial fluid of the brain parenchyma from
peripheral blood flow, and is critical for maintenance of the neu-
ral environment in the CNS. It is comprised of multiple cell types,
but is primarily regulated by the endothelium and astrocytes,
with specialized tight junctions between endothelial cells serv-
ing to exclude metabolites. The unique composition of the BBB
also serves as an obstacle to circulating cancer cell extravasa-
tion. Colonization of the brain parenchyma is not just reliant
on traversing the endothelium, but also the glia limitans, the
layer of astrocytic endfoot processes that provide structural and
metabolic support to the endothelium.
Astrocytes contribute not just to BBB structure, by contact-
ing the vascular endothelium, but also to its genesis, inducing
tight junction formation between endothelial cells (Goldstein,
1988), and up-regulating expression of transporters such as the
brain specific glucose transporter, GLUT1 (Boado and Pardridge,
1990; McAllister et al., 2001). Astrocytes also subserve ametabolic
barrier function, for instance, inducing expression of endothe-
lial cell enzymes such as manganese superoxide dismutase, the
inducible metabolizer of oxygen free radicals (Schroeter et al.,
2001). Calcium signaling between the endothelium and astrocytes
(Leybaert et al., 1998; Braet et al., 2001) suggests that endothe-
lial changes may also have a dynamic effect on astrocyte function.
Hence, one could hypothesize that astrocytes will be activated as
early as the initial steps of adhesion of metastasizing cells to the
vascular endothelium.
Sophisticated imaging of fluorescent metastatic cells, using
multi-photon laser scanning microscopy (MPLSM), has allowed
the stages of brain metastasis to be visualized in vivo (Kienast
et al., 2010). The tortuous nature of the cerebral micro-
vasculature enforces a reduction in the speed of circulating cells
and arrest at vascular branch points is observed. Such arrested
cells can reside on the luminal side of the brain endothelium
for up to 5 days, in contrast to elsewhere in the body where
metastasizing cells rapidly extravasate within 24 h (Lorger and
Felding-Habermann, 2010). Using MPLSM, extravasation into
the perivascular space appeared to occur via active transmi-
gration through mechanically induced pores in the endothe-
lial membrane, as previously hypothesized (Kawaguchi et al.,
1982). In addition, it was demonstrated that growth within the
perivascular space is dependent on contact with the ablumi-
nal endothelial membrane (Carbonell et al., 2009), as has also
been demonstrated in glioma (Winkler et al., 2009). Only upon
growth of macrometastases, will the glia limitans be breached,
allowing spread of metastases into the parenchyma (Saito et al.,
2007).
The characteristic response of astrocytes to injury, seen in
numerous neuropathologies, including glioma, has also been
identified as a feature of the brain metastatic microenviron-
ment. A wall of reactive astrocytes has been reported around
haematogenous brain metastases in human post mortem tis-
sue (Zhang and Olsson, 1995; He et al., 2006), and recently
there has been great interest in establishing murine mouse mod-
els of brain metastasis to determine astrocyte reactivity in vivo
(Mendes et al., 2005, 2007; Fitzgerald et al., 2008; Lorger and
Felding-Habermann, 2010; Seike et al., 2011), as demonstrated
in Figure 1. Astrocytic responses have been demonstrated in
BALB/c mice in response to both the syngeneic 4T1 mammary
carcinoma cell line, as well as in SCID mice in the response
to the human MDA-MB-435 cell line, as early as 3 days post
metastatic induction via intra-carotid inoculation (Lorger and
Felding-Habermann, 2010). Astrocyte reactivity was induced
whilst MDA-MB-435 cells were still intra-vascular, in contact
with the luminal endothelial membrane, and continued through-
out extravasation and growth over a 50 days time course.
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Likewise, Mendes et al. utilized a mammary carcinoma cell line,
ENU1564, injected intra-cardially, to demonstrate astrogliosis
in response to brain metastases in a rat model (Mendes et al.,
2007).
Gliosis is not only found in response to metastases of mam-
mary origin; Izraely et al. demonstrated astrocyte activation in
nude mice in response to metastatic melanoma (Izraely et al.,
2012) and Seike et al. demonstrated a wall of astrogliosis in nude
mice in response to the human lung cancer cell, HARA-B. In
this study, a positive correlation was found between tumor size
and the extent of astrocyte activation and, interestingly, astro-
cyte activation was more robust in hippocampal metastases as
compared to cortical metastases (Seike et al., 2011). Such dif-
ferential astrocytic responses have also been observed in other
disease models, such as intracerebral lipopolysaccharide (LPS)
challenge (Espinosa-Oliva et al., 2011). These differential reac-
tions may reflect the regional heterogeneity of astrocytes, both in
terms of astrocytic density (which is greater in the hippocampus
than the cortex), proliferation rates (which are higher in the hip-
pocampal dentate gyrus than the cortex) (Emsley and Macklis,
2006) and molecular signature with regards to immune func-
tion. In vitro, hippocampal astrocytes have been shown to express
higher levels ofMHCClass II protein, Il-6 and ICAM-1 compared
to cortical astrocytes, as well as displaying increased nitric oxide
(NO) production (Morga et al., 1998), all of which one would
hypothesize to modulate astrocyte response to metastatic growth.
Indeed, studies of metastatic distribution in human patients, sug-
gest that the hippocampus is a rare locale for tumor growth,
as compared to the cerebellum or frontal lobe (Delattre et al.,
1988; Ghia et al., 2007; Bender and Tome, 2011). Potentially, the
more robust responses of astrocytes in the hippocampus, both
on a cellular and immunological basis, could hamper metastatic
growth.
As in glioma, the “double edged sword” of inflammation
that is so often reviewed in the literature, not just in can-
cer (Hagemann et al., 2007; Lin, 2010; Rizzo et al., 2011) but
in other diseases such as asthma (Balhara and Gounni, 2012),
stroke (Doyle and Buckwalter, 2012), and neurodegeneration
(Wyss-Coray and Mucke, 2002), appears to also be a feature
of the astrocytic response to brain metastasis. In vitro studies
have shown that astrocytes produce NO, via inducible nitric
oxide synthase (Simmons and Murphy, 1992), and that this has
tumoricidal effects in both primary and secondary cancer cell
lines (Samdani et al., 2004). Evidence that NO induces GFAP
upregulation (Brahmachari et al., 2006) suggests that this may
result in increased detection of reactive astrocytes with disease
progression.
However, a greater burden of evidence suggests a tumor pro-
moting role for astrocytes. Immunohistochemical analysis of
human biopsies has demonstrated up-regulation of endothelin
[a cancer cell mitogen (Bagnato et al., 1997)] expression by
tumor associated astrocytes (Zhang and Olsson, 1995). Moreover,
co-culture experiments between astrocytes and various tumor
cell lines indicate that astrocytes release soluble factors that can
enhance tumor cell growth. For instance, endothelin-1, besides
its role in vasoconstriction, has also been proposed to be mito-
genic (Kasuya et al., 1994; Bagnato et al., 1997, 2002), and analysis
of biopsy samples suggests that endothelin-1 is expressed by
astrocytes in 85% of patient cases (Zhang and Olsson, 1995).
Additionally, the receptor for endothelin-1, ETB, is upregulated
in a brain-metastatic melanoma cell line over 3 fold, as compared
to a non-metastatic cell line (Boukerche et al., 2004). This find-
ing suggests that astrocytes may drive the molecular determinants
of metastatic potential. Furthermore, incubation of the lung ade-
nocarcinoma cell line PC14-PE6 with an immortalized astrocytic
cell line induced cancer cell ERK1/2 phosphorylation (Langley
et al., 2009), part of the MAP kinase signaling pathway heav-
ily implicated in tumor progression. ERK1/2 phosphorylation
has also been demonstrated in a metastatic mammary carcinoma
cell line, ENU1564, in response to astrocyte conditioned media
(Mendes et al., 2007). In this case, ERK1/2 activation was shown
to increase tumor cell invasiveness in vitro via induction ofMMP2
expression, as was seen in astrocyte-glioma co-culture models
(Le et al., 2003).
Metastatic invasionmay also be facilitated by astrocyte-derived
heparanase, which degrades heparin sulphate proteoglycans, a
major component of the extracellular matrix. Astrocyte hep-
aranase expression has been demonstrated in the peri-infarct
regions of in vivo stroke models (Takahashi et al., 2007; Li
et al., 2012a) and in rat astrocyte-tumor cell culture models.
In the latter case, it was shown that co-culture of astrocytes
with brain-metastatic melanoma cell lines led to a super-additive
increase in enzyme activity, potentially through neurotrophin sig-
naling (Marchetti et al., 2000). Treatment of melanoma cell lines
with astrocyte conditioned media led to increased cell invasion,
an effect which was abrogated with antibody-mediated neutral-
ization of heparanase. Further co-culture experiments between
astrocytes and several lung cancer derived cell lines indicate that
astrocytes secrete IL-6, TNF, and IL-1β, which stimulate tumor
cell growth (Seike et al., 2011). It has also been suggested that
astrocytes increase the anchorage-independent growth of cancer
cell lines and that this correlates with metastatic ability in vivo
(Fitzgerald et al., 2008), although the mechanism has yet to be
identified.
Astrocytes have also been shown to induce transcriptional
changes in co-cultured tumor cells that reflect the transcriptional
changes seen in vivo (Park et al., 2011). Here, a Competitive
Hybridization of Microarray Experiment (CHME) was used to
tease apart genes upregulated in metastases as compared to the
tumor micro-environment. In this case, human cancer cells were
introduced into immuno-compromised mice, and differing gene
signatures and methylation statuses between the cell populations
were demonstrated. Subsequently, astrocytes were cultured with
a breast carcinoma cell line, MDA-MB-231, and were shown to
induce a similar genomic signature in the tumor cells to that seen
in vivo, suggesting that astrocytes are mediators of tumor cell
transcriptional reprogramming. For instance, brain metastatic
cells were shown to upregulate genes involved in neuronal pro-
cesses such as glutamate receptor signaling, axonal guidance, and
neurotransmission. This novel approach to probing astrocytic
function in brain metastasis demonstrates the key role astro-
cytes play in tumor progression, but also highlights the need
to determine both the mechanism and the growth advantage
conferred.
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On balance, the studies detailed above suggest a pro-
tumorigenic role for astrocytes, however, further in vivo studies
are required to elucidate this. Besides these proposed roles in
tumor pathogenesis, astrocytes have also been implicated in pro-
tecting tumor cells from chemotherapeutic agents. Co-culture
of astrocytes with breast and lung cancer cell lines (MDA-MB-
231 and PC14Br4, respectively) leads to up-regulation of survival
genes such as BCL2L1, an anti-apoptotic member of the BCL-2
protein family (Kim et al., 2011). Such genes confer resistance to
a range of chemotherapeutics, and are absent in cell lines at sec-
ondary sites other than the brain, highlighting a novel role for
astrocytes. Further work has shown that the mechanism of cell
protection is cell contact dependent and mediated via gap junc-
tion facilitated sequestration of calcium from tumor cells (Lin
et al., 2010).
IMAGING ASTROCYTES in vivo
The advent of molecular imaging, both as a stand-alone modal-
ity and combined with transgenic mouse models, has enabled
the dynamic responses of astrocytes in numerous CNS patholo-
gies to be visualized. Such techniques, in addition to yielding
mechanistic insights, have potential for diagnostic imaging of
neuroinflammation. In vivo research into the role of astrocytes
in the tumor microenvironment is still in its infancy; however,
using the numerous methodologies outlined below, there is much
potential for better understanding the contribution of this most
abundant CNS cell type to the pathogenesis of primary tumors
and metastases.
In vivo LABELING OF ASTROCYTES
Astrocytes are primarily identified, in vitro, in vivo, and ex vivo,
by their specific expression of GFAP, a cytoskeletal protein upreg-
ulated in astrogliosis, via antibody mediated detection meth-
ods, or transgenic systems, as outlined below. Alternatively,
the propensity of astrocytes to specifically take up dyes such
as sulforhodamine 101 (SR101), and facilitate their spread via
gap-junctions (Nimmerjahn et al., 2004; Appaix et al., 2012),
has enabled the study of astrocytic function, predominantly in
slice models. Recently, such studies have been translated into
the in vivo setting, with SR101 applied to the exposed cor-
tex or injected intraperitoneally, immediately prior to imaging
(Nimmerjahn and Helmchen, 2012). Using this technique, the
intimate relationship between astrocytes and the endothelium
in healthy tissue has been demonstrated, with gap-junction sig-
naling between the two populations proposed (McCaslin et al.,
2011).
Dyes, however, only enable transient labeling over a matter
of hours and, therefore, techniques that allow long-term visu-
alization are more useful for studying astrocytes in pathology.
Viral vectors can be used to transfect cell types with fluores-
cent dyes. For example, a recombinant adenovirus-associated
vector (AAV) has been used to stably and chronically trans-
duce neurons and astrocytes, inducing green fluorescent protein
(GFP) expression and allowing in vivo two photon microscopy
of the visual cortex via cranial windows (Lowery et al., 2009).
Additionally, BBB permeable, GFP-labeled anti-GFAP antibodies
have very recently been used to image astrocytes, both in vivo and
ex vivo (Li et al., 2012b). The potential for longitudinal imag-
ing of astrogliosis by these means in response to CNS disease or
injury will enable the temporal and spatial profile of reactivity to
be mapped.
Transgenic models offer an even more stable approach. The
specific expression of GFAP by astrocytes allows its promoter to
be manipulated to drive the expression of reporter genes solely
in astrocytes, as first described in a transgenic mouse model
in which bacterial LacZ was placed under the GFAP promoter
(Brenner et al., 1994). Since then, transgenic models have been
engineered in which astrocytes express GFP (Zhuo et al., 1997;
Nolte et al., 2001), allowing for the observation of astrogliosis
in brain slices with fluorescent microscopy, and real-time in vivo
detection of astrogliosis using multi-photon microscopy. This
technique has been employed by several groups investigating sys-
tems such as retinal gliosis in diabetes (Kumar and Zhuo, 2010),
retinal neurotoxicity (Ho et al., 2009) and NMDA-induced astro-
cyte activation (Serrano et al., 2008). This transgenic model can
also facilitate sorting of astrocytes from surrounding brain tissue,
allowing mRNA expression profiling in glioma (Katz et al., 2012),
as described above.
Bioluminescence is another technique that allows visualiza-
tion of reactive astrocytes in vivo, by placing the luciferase gene
under the control of the GFAP promoter, as first described
by Zhu et al. (2004). This transgenic mouse line has enabled
astrocyte activation, in response to both glioma and metastatic
cell lines implanted directly into the brain, to be studied
dynamically and non-invasively (Lee et al., 2011). Using this
approach, Lee et al. showed that astrogliosis peaks 3 days
after tumor implantation and showed a biphasic time course
over a 28 days experimental period in both glioma and
metastatic models. An extended astrocyte response to brain
metastasis has also been observed in other groups (Lorger
and Felding-Habermann, 2010; Seike et al., 2011), includ-
ing our own (unpublished observations), using conventional
immunohistochemistry.
It is evident that labeling of astrocytes is highly dependent
on GFAP. It should be noted however that not all astrocytes
express detectable levels of GFAP and its expression in disease
states can be variable (Wang and Walz, 2003). S100β, a cal-
cium binding protein (Baudier et al., 1986), is often used as a
astrocyte marker, however there is cross-reactivity with oligoden-
drocytes (Deloulme et al., 2004; Hachem et al., 2005). In addition,
a number of other proteins are selectively expressed by astro-
cytes, such as the enzyme glutamine synthetase and aquaporin-4,
but their sub-cellular distribution renders them impractical for
astrocyte labeling (Yang et al., 2011). One should also note the
differential expression of astrocytic markers throughout develop-
ment. For instance, the glutamate transporter GLT-1 has been
shown, in vitro, to be expressed at high levels in astrocyte cul-
tures from embryonic stages, but not post-natal time points,
whereas the glutamate transporter GLAST is highly expressed
in astrocytes cultured from early post-natal time points, with
a decline seen from p10 (Stanimirovic et al., 1999). In vivo,
the spatial expression of these two transporters appears to
change during post-natal development (Voutsinos-Porche et al.,
2003).
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Rather than pursuing global markers for astrocyte identifi-
cation, attempts to identify markers for different phenotypes
of astrocyte reactivity would allow greater understanding of
the functional impact of gliosis at different spatial and tem-
poral locales. For instance, the cytoskeletal protein vimentin,
can be used to define astrocytes proximal to ischemic lesions,
where neuronal damage is present, but is absent in distal gliosis
(Petito et al., 1990; Wang and Walz, 2003). A recent compre-
hensive transcriptional profile of astrocytes in response to two
different in vivo challenges in mice, LPS and middle cerebral
artery occlusion (MCAO), demonstrates differential molecu-
lar profiles in response to the nature of the insult and time
from lesion induction (Zamanian et al., 2012). For example,
nestin and tenascin-C expression were observed in the astrocyte
response to stroke, but not LPS-induced inflammation. Studies
such as these demonstrate the considerable heterogeneity in astro-
cytic phenotypes, within and between disease states, and high-
light the need for imaging agents that reflect this diversity of
responses.
FUNCTIONAL IMAGING
Astrocyte reactivity is just one facet of the contribution of glia
to the healthy and diseased brain. Astrocyte excitability [which
is based on oscillations in intracellular Ca2+ concentration
([Ca2+]i)] elicits effects in the healthy and diseased brain (Halassa
et al., 2007; Kuchibhotla et al., 2009), and requires sophis-
ticated imaging modalities to elucidate its functional impact.
Neurotransmitter release by neurons leads to elevation of astro-
cyte [Ca2+]i upon binding to receptors on peri-synaptic astro-
cytic membranes, and consequent activation of Phospholipase C.
Spontaneous excitation can also occur. Such elevations in [Ca2+]i
result in astrocytic signaling to neurons, due to the release of
gliotransmitters such as glutamate and D-serine (Araque et al.,
2001; Fellin et al., 2004; Henneberger et al., 2010), and to other
astrocytes.
Calcium oscillations and waves are typically investigated using
chemical calcium indicators. Upon calcium chelation, the spec-
tral properties of such dyes are altered such that they provide
a fluorescent read-out for [Ca2+]i (Tsien, 1988). A cell perme-
able acetoxymethyl (AM) ester form of the indicator dye is often
used. Once inside the cell, the AM bond is cleaved by endogenous
esterases and the dye is trapped within the cell. Using bulk load-
ing techniques all cells will take up the dye. However, by using
astrocyte marker dyes, such as SR101, astrocytes can be identified
(Nimmerjahn et al., 2004). More recently, genetically encoded
molecules have been developed (Miyawaki et al., 1997), which
confer the advantage of being targetable to a specific cell type or
subcellular compartment (Shigetomi et al., 2010). This approach
is particularly exciting for in vivo imaging, as the stable expression
of the calcium reporter allows for long term imaging of calcium
signals (Mank et al., 2008). Generally these indicators comprise of
a calciumbinding protein fused to a variant of GFP.Upon calcium
binding, a conformational change of the indicator results in either
a change in the fluorescence resonance energy transfer (FRET)
between the flanking GFPs (Miyawaki et al., 1997; Pologruto et al.,
2004) or a fluorescence change in the molecule itself (Nagai et al.,
2001; Nakai et al., 2001; Shigetomi et al., 2010).
Owing to the optical scattering properties of brain tissue, flu-
orescence imaging is degraded with increasing depth below the
brain surface. Light scattering can be decreased by using infra-
red-shifted light, compared to the use of visible wavelengths. As
light of a longer wavelength has less energy per photon, the near-
simultaneous absorption of multiple photons is required in order
to excite a fluorophore, as occurs in multi-photon microscopy.
Although most chemical calcium indicator dyes were originally
developed for single photon microscopy, some (e.g., rhod-2,
Fluo-4) also have sufficient two-photon cross-section.
Historically, two-photon imaging of calcium oscillations and
waves in astrocytes has been limited to slice preparations
(Mulligan and MacVicar, 2004; Tian et al., 2005; Di Castro et al.,
2011). However, translation of the technique into in vivo sys-
tems has recently become possible. For example, Cirillo et al.
have demonstrated calcium signaling in spinal cord astrocytes in
response to sensory stimulation (Cirillo et al., 2012). Similarly,
whisker stimulation was shown to elicit astrocyte responses in
the barrel cortex (Tian et al., 2006; Wang et al., 2006). With
regards to astrocyte calcium signaling in the diseased brain, ele-
vated signaling has been observed in status epilepticus (Ding
et al., 2007) and has also been demonstrated in the ischemic
penumbra following stroke, where such increased signaling has
been linked to increased neuronal damage (Ding et al., 2009). To
date, application of calcium signaling imaging in CNS tumors,
has been restricted to in vitro preparations of glioma cells
(Charles et al., 1992; Yamasaki et al., 1994) or astrocyte and
glioma cell co-cultures (Zhang et al., 1999). The latter, gap-
junction dependent, interaction has been shown to be necessary
for glioma invasion (Oliveira et al., 2005). Mediators of inflam-
mation have also been shown to modulate astrocyte calcium
signaling in vitro (Hamby et al., 2012) and, hence, one would
anticipate alterations in signaling in the tumor microenviron-
ment that could be probed in vivo using the novel methodologies
outlined above.
MAGNETIC RESONANCE IMAGING
Magnetic resonance imaging (MRI) provides a powerful tool
for imaging soft tissue contrast in the brain. As discussed,
changes in astrocytic morphology accompany astrogliosis, and
there have been attempts to image these changes with MRI. In
both an Endothelin-1 induced ischemia ratmodel and anNMDA-
induced model of cytotoxicity, T1 relaxation times have been
shown to increase independent of changes in cerebral blood flow.
The observed T1 hypointensities were seen in areas correlating
to astrocyte activation and were reduced upon administration of
arundic acid (Sibson et al., 2008), a selective inhibitor of astrocyte
activation (Tateishi et al., 2002).
Other MRI parameters have been proposed to visualize astro-
cyte activation. Diffusion tensor imaging (DTI) facilitates obser-
vation of tissue microstructure, by both the rate and direction of
water proton diffusion through a given area. By modeling diffu-
sion information in a different manner, accounting for diffusion
kurtosis (DK), it has been proposed that subtle heterogeneity
of tissue can be further characterized. The work of Zhuo et al.
suggests that changes in DK can be correlated with astrocyte
activation and, thus, DK imaging could be used as a tool for
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investigating traumatic brain injury (Zhuo et al., 2012). Both this
modality and the changes in T1 relaxation described above are
still under review with regards to imaging tumor-induced glio-
sis. The resolution of MRI may not allow gliotic regions to be
distinguished from the neoplasm itself, however, both of these
techniques could hold potential as surrogate markers for clinical
tumor detection.
Astrocytes are highly metabolically active, and multiple
metabolic changes also accompany astrogliosis. For example,
increased antioxidant activity is observed upon CNS insult; IL-1β
signaling leads to the expression of cerruloplasmin, which buffers
free copper ions and oxidizes ferrous iron (Kuhlow et al., 2003).
Altered metabolic activity is a further feature of astrogliosis; in a
ciliary neurotrophic factor (CNTF) induced model of astroglio-
sis, fatty acid oxidation and ketone body metabolism is increased,
alongside decreased glycolysis (Escartin et al., 2007), conferring
resistance to metabolic insults.
Under normal conditions, it has been proposed that the ATP
requirements of astrocytes are primarily served by glycolysis
(Pellerin and Magistretti, 1994, 1997), with the end-product,
lactate, extruded into the extracellular space either for uptake
by neurons (Aubert et al., 2005) or clearance from the brain.
However, the TCA cycle and subsequent oxidative phosphory-
lation are also a source of ATP (Serres et al., 2008), and recent
transcriptome analyses of acutely isolated mouse cortical astro-
cytes have demonstrated elevated levels of TCA cycle enzymes as
compared to neurons, combined with high mitochondrial num-
bers in astrocyte foot processes (Lovatt et al., 2007). Whilst,
to date, metabolic changes in reactive astrocytes surrounding
CNS tumors have not been investigated, studies demonstrating
increased glucose utilization by astrocytes in response to TNF,
IL-1β, IL-6, and IFN-γ (Yu et al., 1995; Gavillet et al., 2008;
Belanger et al., 2011), and the synergic activity of TNF and IL-
1β on astrocyte metabolic activity (Gavillet et al., 2008), suggest
that astrocytes in the pro-inflammatory microenvironment will
be in a metabolically hyperactive state. Additionally, the ability of
astrocytes to protect tissue during oxidative stress via the secre-
tion of thiols and enhanced glutamate uptake can be modulated
by the cytokine context (Garg et al., 2009). If this is indeed the
case, a metabolic marker of astrocyte activity, in vivo, could be of
considerable use.
Specificity for astrocyte metabolism, as opposed to neuronal
activity, can be achieved through the differential uptake of cer-
tain metabolic substrates. In particular, acetate is preferentially
taken up by astrocytes over neurons (Waniewski and Martin,
1998) and incorporated into the TCA cycle. 13C magnetic reso-
nance spectroscopy (MRS) studies have demonstrated that it is
possible to detect the transfer of 13C label from [2-13C]acetate
into glutamine within astrocytes. The 13C label is first trans-
ferred to glutamate via the TCA cycle and exchange between the
TCA cycle intermediate α-ketoglutarate (α-KG) and glutamate
(Kanamatsu and Tsukada, 1999; Sibson et al., 2001). Both the
α-KG and glutamate pools in astrocytes are at an extremely low
concentration and, thus, are undetectable by the relatively low
sensitivity 13C MRS. Subsequently, however, the labeled gluta-
mate is converted to glutamine, which is a much larger metabolic
pool (ca. 5–6mM) and label flux into this pool is detectable by
13C MRS (Sibson et al., 1997). The flux of 13C label from acetate
to glutamine can be converted into absolute rates of astrocytic
TCA cycle (oxidative metabolism) through the use of metabolic
modeling (for review see de Graaf et al., 2011). This 13C MRS
approach has been used in transgenic mousemodels of Alexander
disease to show astrocyte dysfunction, with regards to reduced
utilization of acetate for the synthesis of glutamate and glu-
tamine (Meisingset et al., 2010), as well as in human studies. For
instance, human studies in patients with Alzheimer’s disease indi-
cate that [2-13C]acetate can be used to detect gliosis (Sailasuta
et al., 2011), with enhanced metabolism of acetate to 13C bicar-
bonate detected. While MRS has yet to be used to probe stromal
astrocyte metabolism, studies of neoplastic astrocytes in glioma
suggest that intermediates detected with spectroscopy (Doblas
et al., 2012), could be translated into useful imaging tools in PET.
Of relevance here is the use of the PET tracer 18F-acetate which
has been used to demonstrate enhanced glial metabolism in both
a rat stroke model and a glioblastoma model (Marik et al., 2009).
In humans, the PET tracer 11C-acetate has been used for the
detection of gliomas (Liu et al., 2006; Tsuchida et al., 2008). The
use of nuclear imaging to detect gliosis will be further discussed
below.
SPECT AND PET IMAGING
Nuclear imaging, with single photon emission computed tomog-
raphy (SPECT) and positron emission tomography (PET), is
a tool routinely used in the diagnosis of cancer. Radiolabeled
tracers, primarily 18F-deoxyglucose (FDG), are used to detect
tumor growth based on their hyper-metabolism of glucose as
compared to healthy tissue. If astrocytes in and around tumors
are truly hyper-metabolic (see above) then it is likely that
FDG tumor detection may reflect, in part, reactive astrocytosis.
However, imaging the tumors themselves is not the only pos-
sibility for the detection of neoplasms. The use of radiolabeled
compounds to bind to astrocyte specific markers, or indirect
measures of astrocyte activity, are avenues that have been pur-
sued in many CNS diseases, with some agents being translated
into a clinical setting. Whilst SPECT and PET cannot provide
sufficient spatial resolution for probing individual cells, or sub-
populations of cells, these approaches do allow detection of
neuroinflammation, which will facilitate disease diagnosis and
monitoring.
99Tc-HMPAO is a BBB-permeable SPECT imaging agent,
with non-specific uptake by the brain proportional to blood
flow. Retention of the compound is dependent on its intracel-
lular reduction and, thus, the high glutathione concentration
present in astrocytes leads to increased and sustained uptake of
99Tc-HMPAO by astrocytes as compared to neurons (Slosman
et al., 2001). Although not specific for astrocyte activation, reten-
tion of this compound is enhanced in gliotic lesions in dis-
ease states such as dementia and Alzheimer’s disease (Slosman
et al., 2001) and herpes encephalitis (Launes et al., 1995).
Alternatively, 11C-deuterium-L-deprenyl (11C-DED) is an irre-
versible monoamine oxidase B inhibitor. Activated astrocytes
express elevated levels of monoamine oxidase and, consequently,
this agent can be used to detect astrogliosis with PET imag-
ing, as has been demonstrated to date in pathologies such as
Frontiers in Cellular Neuroscience www.frontiersin.org April 2013 | Volume 7 | Article 40 | 7
O’Brien et al. Imaging astrocyte involvement in CNS tumors
Alzheimer’s (Carter et al., 2012), amyloid lateral sclerosis (ALS)
(Johansson et al., 2007), and Creutzfield–Jakob disease (Engler
et al., 2012).
Probing the increased metabolic activity evident in gliosis at
the mitochondrial level has enabled in vivo imaging of astrocytes
inmultiple CNS pathologies, and is a promising tool for monitor-
ing primary and secondary tumor growth. Translocator protein
(TSPO—also known as the peripheral benzodiazepine recep-
tor) is an outer mitochondrial membrane protein (Squires and
Brastrup, 1977), and has multiple functions, including choles-
terol import for steroid synthesis (Hauet et al., 2005), regulation
of mitochondrial metabolism (Hirsch et al., 1989), and apoptosis
(Hirsch et al., 1998). These diverse functions render knock-
out models embryonically lethal (Papadopoulos et al., 1997).
Although the TSPO was originally thought to be exclusively
upregulated onmicroglia in disease states, recent studies have also
demonstrated increased expression on astrocytes in humans, as
well as in rodent models (Cosenza-Nashat et al., 2009; Lavisse
et al., 2012), as shown in Figure 2. Consequently, interest has
grown in the development and use of radiolabeled compounds
against TSPO for imaging neuroinflammation in diverse CNS
pathologies, such as multiple sclerosis (Harberts et al., 2012),
dementia (Cagnin et al., 2001), Alzheimer’s disease (Versijpt et al.,
2003) and stroke (Gulyas et al., 2012a,b), as reviewed in (Ching
et al., 2012).
In the context of imaging astrocytes in primary brain tumors
(Figure 2), numerous glioma cell lines have been shown to highly
express TSPO (Winkeler et al., 2012), and recent studies in rat
models of glioma (Buck et al., 2011; Tang et al., 2012; Winkeler
et al., 2012) suggest that this approach could be used as a clinical
tool to detect brain tumors. Work in our own group suggests that
radiolabeled anti-TSPO agents can also be used to detect brain
metastases, on the basis of the large area of astrogliosis associ-
ated with these tumors (unpublished work). As discussed with
regard to MRI, these techniques are unlikely to allow differen-
tiation of tumor growth from associated astrogliosis, especially
as TSPO upregulation has been observed in metastatic breast
tumors (Zheng et al., 2011; Batarseh et al., 2012). However, this
approach does hold potential as a surrogate biomarker for the
clinical detection of CNS tumors.
CONCLUSIONS
The role of the microenvironment in tumor progression has
been extensively reported, and an inflammatory response to both
primary and secondary brain tumors is becoming increasingly
apparent. As detailed above, astrocytes are key players in the
FIGURE 2 | Radiolabeled TSPO ligands can be used to image astrocyte
activation in vivo. (A) In a rat model, astrocytes were chronically activated
(GFAP staining, brown) by lentiviral gene transfer of the cytokine ciliary
neurotrophic factor (CNTF). (B) 18F-labeled DPA-714, a TSPO ligand, binding
spatially correlates with areas of astrocyte activation, as observed with
in vivo PET imaging. As adapted from Lavisse et al. (2012). Such TSPO
targeted agents can be used to image TSPO expressing gliomas in
pre-clinical models. (C) A pre-clinical rat model of glioma detected with MRI
(D) 18F-PBR06, a TSPO ligand, binding spatially correlates with glioma
growth, as observed in vivo with PET. As adapted from Buck et al. (2011).
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CNS response to tumor growth, and there have been a flurry
of studies attempting to uncover the role of these glial cells
in disease progression. Many of these studies were conducted
in vitro, and suggest both pro- and anti-tumor effects. However,
the balance of evidence seems to point toward a pro-tumorigenic
role for astrogliosis, with the release of growth factors and matrix
remodeling enzymes. Now that more sophisticated animal mod-
els have been developed, we can begin to understand the complex
role of these cells in vivo. Importantly, functional imaging mea-
surements, via methods such as calcium signaling, will allow
a greater understanding of how astrocytes communicate in the
tumor microenvironment. Multinuclear MRS will yield insights
into tumor metabolism, and potentially elucidate the metabolic
interactions between astrocytes and tumor cells. To elucidate
astrogliotic functions in response to tumor growth, numerous
imaging modalities can be utilized. Not only do these techniques
allow the spatial and temporal profile of gliosis to be visual-
ized and quantified, but they may potentially yield mechanistic
insights through functional imaging and new clinically-relevant
diagnostic approaches.
REFERENCES
Adachi, K., Belser, P., Bender, H., Li, D.,
Rodeck, U., Benveniste, E. N., et al.
(1992). Enhancement of epidermal
growth factor receptor expression
on glioma cells by recombinant
tumor necrosis factor alpha. Cancer
Immunol. Immunother. 34, 370–376.
Appaix, F., Girod, S., Boisseau, S.,
Romer, J., Vial, J. C., Albrieux, M.,
et al. (2012). Specific in vivo staining
of astrocytes in the whole brain after
intravenous injection of sulforho-
damine dyes. PLoS ONE 7:e35169.
doi: 10.1371/journal.pone.0035169
Araque, A., Carmignoto, G., and
Haydon, P. G. (2001). Dynamic
signaling between astrocytes and
neurons. Annu. Rev. Physiol. 63,
795–813.
Aubert, A., Costalat, R., Magistretti, P.
J., and Pellerin, L. (2005). Brain lac-
tate kinetics: modeling evidence for
neuronal lactate uptake upon acti-
vation. Proc. Natl. Acad. Sci. U.S.A.
102, 16448–16453.
Bagnato, A., Cirilli, A., Salani, D.,
Simeone, P., Muller, A., Nicotra, M.
R., et al. (2002). Growth inhibition
of cervix carcinoma cells in vivo
by endothelin A receptor blockade.
Cancer Res. 62, 6381–6384.
Bagnato, A., Tecce, R., Di Castro, V.,
and Catt, K. J. (1997). Activation of
mitogenic signaling by endothelin 1
in ovarian carcinoma cells. Cancer
Res. 57, 1306–1311.
Balhara, J., and Gounni, A. S. (2012).
The alveolar macrophages in
asthma: a double-edged sword.
Mucosal Immunol. 5, 605–609.
Barbero, S., Bonavia, R., Bajetto, A.,
Porcile, C., Pirani, P., Ravetti, J. L.,
et al. (2003). Stromal cell-derived
factor 1alpha stimulates human
glioblastoma cell growth through
the activation of both extracellu-
lar signal-regulated kinases 1/2 and
Akt. Cancer Res. 63, 1969–1974.
Barcia, C. Jr., Gomez, A., Gallego-
Sanchez, J. M., Perez-Valles, A.,
Castro, M. G., Lowenstein, P. R.,
et al. (2009). Infiltrating CTLs
in human glioblastoma establish
immunological synapses with
tumorigenic cells. Am. J. Pathol.
175, 786–798.
Barnholtz-Sloan, J. S., Sloan, A. E.,
Davis, F. G., Vigneau, F. D., Lai, P.,
and Sawaya, R. E. (2004). Incidence
proportions of brain metastases in
patients diagnosed (1973 to 2001)
in the Metropolitan Detroit Cancer
Surveillance System. J. Clin. Oncol.
22, 2865–2872.
Batarseh, A., Barlow, K. D., Martinez-
Arguelles, D. B., and Papadopoulos,
V. (2012). Functional characteri-
zation of the human transloca-
tor protein (18kDa) gene pro-
moter in human breast cancer cell
lines. Biochim. Biophys. Acta 1819,
38–56.
Baudier, J., Glasser, N., and Gerard,
D. (1986). Ions binding to S100
proteins. I. Calcium- and zinc-
binding properties of bovine brain
S100 alpha alpha, S100a (alpha
beta), and S100b (beta beta) pro-
tein: Zn2+ regulates Ca2+ binding
on S100b protein. J. Biol. Chem. 261,
8192–8203.
Bechmann, I., Mor, G., Nilsen, J., Eliza,
M., Nitsch, R., and Naftolin, F.
(1999). FasL (CD95L, Apo1L) is
expressed in the normal rat and
human brain: evidence for the exis-
tence of an immunological brain
barrier. Glia 27, 62–74.
Bechmann, I., Steiner, B., Gimsa, U.,
Mor, G., Wolf, S., Beyer, M., et al.
(2002). Astrocyte-induced T cell
elimination is CD95 ligand depen-
dent. J. Neuroimmunol. 132, 60–65.
Belanger, M., Allaman, I., and
Magistretti, P. J. (2011).
Differential effects of pro- and
anti-inflammatory cytokines
alone or in combinations on the
metabolic profile of astrocytes.
J. Neurochem. 116, 564–576.
Bender, E. T., and Tome, W. A.
(2011). Distribution of brainmetas-
tases: implications for non-uniform
dose prescriptions. Br. J. Radiol. 84,
649–658.
Boado, R. J., and Pardridge, W. M.
(1990). The brain-type glucose
transporter mRNA is specifically
expressed at the blood-brain barrier.
Biochem. Biophys. Res. Commun.
166, 174–179.
Bos, P. D., Zhang, X. H., Nadal, C.,
Shu, W., Gomis, R. R., Nguyen, D.
X., et al. (2009). Genes that medi-
ate breast cancer metastasis to the
brain. Nature 459, 1005–1009.
Boukerche, H., Su, Z. Z., Kang,
D. C., and Fisher, P. B. (2004).
Identification and cloning of genes
displaying elevated expression as
a consequence of metastatic pro-
gression in human melanoma cells
by rapid subtraction hybridization.
Gene 343, 191–201.
Braet, K., Paemeleire, K., D’Herde,
K., Sanderson, M. J., and Leybaert,
L. (2001). Astrocyte-endothelial cell
calcium signals conveyed by two sig-
nalling pathways. Eur. J. Neurosci.
13, 79–91.
Brahmachari, S., Fung, Y. K., and
Pahan, K. (2006). Induction of
glial fibrillary acidic protein expres-
sion in astrocytes by nitric oxide.
J. Neurosci. 26, 4930–4939.
Brenner, M., Kisseberth, W. C., Su, Y.,
Besnard, F., and Messing, A. (1994).
GFAP promoter directs astrocyte-
specific expression in transgenic
mice. J. Neurosci. 14, 1030–1037.
Bryan, L., Paugh, B. S., Kapitonov,
D., Wilczynska, K. M., Alvarez,
S. M., Singh, S. K., et al. (2008).
Sphingosine-1-phosphate and
interleukin-1 independently
regulate plasminogen activator
inhibitor-1 and urokinase-type
plasminogen activator receptor
expression in glioblastoma cells:
implications for invasiveness. Mol.
Cancer Res. 6, 1469–1477.
Buck, J. R., McKinley, E. T., Hight,
M. R., Fu, A., Tang, D., Smith, R.
A., et al. (2011). Quantitative,
preclinical PET of trans-
locator protein expression in
glioma using 18F-N-fluoroacetyl-
N-(2, 5-dimethoxybenzyl)-2-
phenoxyaniline. J. Nucl. Med. 52,
107–114.
Cagnin, A., Brooks, D. J., Kennedy,
A. M., Gunn, R. N., Myers, R.,
Turkheimer, F. E., et al. (2001).
In-vivo measurement of activated
microglia in dementia. Lancet 358,
461–467.
Carbonell, W. S., Ansorge, O., Sibson,
N., and Muschel, R. (2009). The
vascular basement membrane as
“soil” in brain metastasis. PLoS
ONE 4:e5857. doi: 10.1371/jour-
nal.pone.0005857
Carrillo-De Sauvage, M. A., Gomez, A.,
Ros, C. M., Ros-Bernal, F., Martin,
E. D., Perez-Valles, A., et al. (2012).
CCL2-expressing astrocytes mediate
the extravasation of T lymphocytes
in the brain. Evidence from patients
with glioma and experimental mod-
els in vivo. PLoS ONE 7:e30762. doi:
10.1371/journal.pone.0030762
Carter, S. F., Scholl, M., Almkvist, O.,
Wall, A., Engler, H., Langstrom, B.,
et al. (2012). Evidence for astrocyto-
sis in prodromal Alzheimer disease
provided by 11C-deuterium-
L-deprenyl: a multitracer PET
paradigm combining 11C-
Pittsburgh compound B and
18F-FDG. J. Nucl. Med. 53, 37–46.
Charles, A. C., Naus, C. C., Zhu,
D., Kidder, G. M., Dirksen, E.
R., and Sanderson, M. J. (1992).
Intercellular calcium signaling via
gap junctions in glioma cells. J. Cell
Biol. 118, 195–201.
Ching, A. S., Kuhnast, B., Damont,
A., Roeda, D., Tavitian, B., and
Dolle, F. (2012). Current paradigm
of the 18-kDa translocator pro-
tein (TSPO) as a molecular target
for PET imaging in neuroinflam-
mation and neurodegenerative dis-
eases. Insights Imaging 3, 111–119.
Chung, I. Y., and Benveniste, E. N.
(1990). Tumor necrosis factor-alpha
production by astrocytes. Induction
by lipopolysaccharide, IFN-gamma,
and IL-1 beta. J. Immunol. 144,
2999–3007.
Cirillo, G., De Luca, D., and Papa,
M. (2012). Calcium imaging of liv-
ing astrocytes in the mouse spinal
cord following sensory stimula-
tion. Neural Plast. 2012:425818. doi:
10.1155/2012/425818
Cosenza-Nashat, M., Zhao, M. L.,
Suh, H. S., Morgan, J., Natividad,
R., Morgello, S., et al. (2009).
Frontiers in Cellular Neuroscience www.frontiersin.org April 2013 | Volume 7 | Article 40 | 9
O’Brien et al. Imaging astrocyte involvement in CNS tumors
Expression of the translocator
protein of 18 kDa by microglia,
macrophages and astrocytes based
on immunohistochemical local-
ization in abnormal human brain.
Neuropathol. Appl. Neurobiol. 35,
306–328.
de Graaf, R. A., Rothman, D. L., and
Behar, K. L. (2011). State of the
art direct 13C and indirect 1H-
[13C] NMR spectroscopy in vivo. A
practical guide. NMR Biomed. 24,
958–972.
Delattre, J. Y., Krol, G., Thaler, H.
T., and Posner, J. B. (1988).
Distribution of brain metastases.
Arch. Neurol. 45, 741–744.
Deloulme, J. C., Raponi, E., Gentil,
B. J., Bertacchi, N., Marks, A.,
Labourdette, G., et al. (2004).
Nuclear expression of S100B in
oligodendrocyte progenitor cells
correlates with differentiation
toward the oligodendroglial lineage
and modulates oligodendrocytes
maturation. Mol. Cell. Neurosci. 27,
453–465.
Di Castro, M. A., Chuquet, J., Liaudet,
N., Bhaukaurally, K., Santello, M.,
Bouvier, D., et al. (2011). Local
Ca2+ detection and modulation of
synaptic release by astrocytes. Nat.
Neurosci. 14, 1276–1284.
Ding, S., Fellin, T., Zhu, Y., Lee, S.
Y., Auberson, Y. P., Meaney, D. F.,
et al. (2007). Enhanced astrocytic
Ca2+ signals contribute to neuronal
excitotoxicity after status epilepti-
cus. J. Neurosci. 27, 10674–10684.
Ding, S., Wang, T., Cui, W.,
and Haydon, P. G. (2009).
Photothrombosis ischemia stim-
ulates a sustained astrocytic Ca2+
signaling in vivo. Glia 57, 767–776.
Doblas, S., He, T., Saunders, D., Hoyle,
J., Smith, N., Pye, Q., et al. (2012).
In vivo characterization of several
rodent glioma models by 1H MRS.
NMR Biomed. 25, 685–694.
Doyle, K. P., and Buckwalter, M. S.
(2012). The double-edged sword
of inflammation after stroke: what
sharpens each edge? Ann. Neurol.
71, 729–731.
Emsley, J. G., and Macklis, J. D.
(2006). Astroglial heterogeneity
closely reflects the neuronal-defined
anatomy of the adult murine CNS.
Neuron Glia Biol. 2, 175–186.
Engler, H., Nennesmo, I., Kumlien,
E., Gambini, J. P., Lundberg,
P., Savitcheva, I., et al. (2012).
Imaging astrocytosis with PET
in Creutzfeldt-Jakob disease: case
report with histopathological
findings. Int. J. Clin. Exp. Med. 5,
201–207.
Escartin, C., Pierre, K., Colin, A.,
Brouillet, E., Delzescaux, T.,
Guillermier, M., et al. (2007).
Activation of astrocytes by CNTF
induces metabolic plasticity and
increases resistance to metabolic
insults. J. Neurosci. 27, 7094–7104.
Espinosa-Oliva, A. M., De Pablos,
R. M., Villaran, R. F., Arguelles,
S., Venero, J. L., MacHado, A.,
et al. (2011). Stress is critical
for LPS-induced activation of
microglia and damage in the rat
hippocampus. Neurobiol. Aging 32,
85–102.
Fellin, T., Pascual, O., Gobbo, S.,
Pozzan, T., Haydon, P. G., and
Carmignoto, G. (2004). Neuronal
synchrony mediated by astrocytic
glutamate through activation of
extrasynaptic NMDA receptors.
Neuron 43, 729–743.
Fitzgerald, D. P., Palmieri, D., Hua,
E., Hargrave, E., Herring, J. M.,
Qian, Y., et al. (2008). Reactive glia
are recruited by highly prolifera-
tive brain metastases of breast can-
cer and promote tumor cell colo-
nization. Clin. Exp. Metastasis 25,
799–810.
Garg, S. K., Kipnis, J., and Banerjee, R.
(2009). IFN-gamma and IL-4 differ-
entially shape metabolic responses
and neuroprotective phenotype
of astrocytes. J. Neurochem. 108,
1155–1166.
Gavillet, M., Allaman, I., and
Magistretti, P. J. (2008). Modulation
of astrocytic metabolic phenotype
by proinflammatory cytokines. Glia
56, 975–989.
Ghia, A., Tome, W. A., Thomas, S.,
Cannon, G., Khuntia, D., Kuo, J.
S., et al. (2007). Distribution of
brain metastases in relation to the
hippocampus: implications for neu-
rocognitive functional preservation.
Int. J. Radiat. Oncol. Biol. Phys. 68,
971–977.
Goldstein, G. W. (1988). Endothelial
cell-astrocyte interactions. A cellu-
larmodel of the blood-brain barrier.
Ann. N.Y. Acad. Sci. 529, 31–39.
Gulyas, B., Toth, M., Schain, M.,
Airaksinen, A., Vas, A., Kostulas,
K., et al. (2012a). Evolution of
microglial activation in ischaemic
core and peri-infarct regions after
stroke: a PET study with the TSPO
molecular imaging biomarker
[((11))C]vinpocetine. J. Neurol. Sci.
320, 110–117.
Gulyas, B., Toth, M., Vas, A., Shchukin,
E., Kostulas, K., Hillert, J., et al.
(2012b). Visualising neuroinflam-
mation in post-stroke patients:
a comparative PET study with
the TSPO molecular imag-
ing biomarkers [11C]PK11195
and [11C]vinpocetine. Curr.
Radiopharm. 5, 19–28.
Hachem, S., Aguirre, A., Vives,
V., Marks, A., Gallo, V., and
Legraverend, C. (2005). Spatial and
temporal expression of S100B in
cells of oligodendrocyte lineage.
Glia 51, 81–97.
Hagemann, T., Balkwill, F., and
Lawrence, T. (2007). Inflammation
and cancer: a double-edged sword.
Cancer Cell 12, 300–301.
Halassa, M. M., Fellin, T., and Haydon,
P. G. (2007). The tripartite synapse:
roles for gliotransmission in health
and disease. Trends Mol. Med. 13,
54–63.
Hamby, M. E., Coppola, G., Ao, Y.,
Geschwind, D. H., Khakh, B. S.,
and Sofroniew, M. V. (2012).
Inflammatory mediators alter
the astrocyte transcriptome and
calcium signaling elicited by mul-
tiple G-protein-coupled receptors.
J. Neurosci. 32, 14489–14510.
Harberts, E., Datta, D., Chen, S.,
Wohler, J. E., Oh, U., and Jacobson,
S. (2012). Translocator Protein
18 kDa (TSPO) expression
in multiple sclerosis patients.
J. Neuroimmune Pharmacol. 8,
51–57.
Harrell, J. C., Prat, A., Parker, J. S., Fan,
C., He, X., Carey, L., et al. (2012).
Genomic analysis identifies unique
signatures predictive of brain, lung,
and liver relapse. Breast Cancer Res.
Treat. 132, 523–535.
Hauet, T., Yao, Z. X., Bose, H. S.,
Wall, C. T., Han, Z., Li, W., et al.
(2005). Peripheral-type benzodi-
azepine receptor-mediated action
of steroidogenic acute regulatory
protein on cholesterol entry into
leydig cell mitochondria. Mol.
Endocrinol. 19, 540–554.
He, B. P., Wang, J. J., Zhang, X., Wu, Y.,
Wang, M., Bay, B. H., et al. (2006).
Differential reactions of microglia to
brainmetastasis of lung cancer.Mol.
Med. 12, 161–170.
Henneberger, C., Papouin, T., Oliet,
S. H., and Rusakov, D. A. (2010).
Long-term potentiation depends on
release of D-serine from astrocytes.
Nature 463, 232–236.
Hirsch, J. D., Beyer, C. F., Malkowitz,
L., Beer, B., and Blume, A. J. (1989).
Mitochondrial benzodiazepine
receptors mediate inhibition of
mitochondrial respiratory control.
Mol. Pharmacol. 35, 157–163.
Hirsch, T., Decaudin, D., Susin, S.
A., Marchetti, P., Larochette, N.,
Resche-Rigon, M., et al. (1998).
PK11195, a ligand of the mito-
chondrial benzodiazepine receptor,
facilitates the induction of apop-
tosis and reverses Bcl-2-mediated
cytoprotection. Exp. Cell Res. 241,
426–434.
Ho, G., Kumar, S., Min, X. S., Kng,
Y. L., Loh, M. Y., Gao, S., et al.
(2009). Molecular imaging of retinal
gliosis in transgenic mice induced
by kainic acid neurotoxicity. Invest.
Ophthalmol. Vis. Sci. 50, 2459–2464.
Huang, H. C., Huang, C. Y., Lin-Shiau,
S. Y., and Lin, J. K. (2009). Ursolic
acid inhibits IL-1beta or TNF-
alpha-induced C6 glioma invasion
through suppressing the association
ZIP/p62 with PKC-zeta and down-
regulating the MMP-9 expression.
Mol. Carcinog. 48, 517–531.
Izraely, S., Sagi-Assif, O., Klein, A.,
Meshel, T., Tsarfaty, G., Pasmanik-
Chor, M., et al. (2012). The
metastatic microenvironment:
brain-residing melanoma metasta-
sis and dormant micrometastasis.
Int. J. Cancer 131, 1071–1082.
Johansson, A., Engler, H., Blomquist,
G., Scott, B., Wall, A., Aquilonius,
S. M., et al. (2007). Evidence
for astrocytosis in ALS demon-
strated by [11C](L)-deprenyl-D2
PET. J. Neurol. Sci. 255, 17–22.
Kanamatsu, T., and Tsukada, Y.
(1999). Effects of ammonia on the
anaplerotic pathway and amino
acid metabolism in the brain: an
ex vivo 13C NMR spectroscopic
study of rats after administering
[2-13C] glucose with or without
ammonium acetate. Brain Res. 841,
11–19.
Kasuya, Y., Abe, Y., Hama, H., Sakurai,
T., Asada, S., Masaki, T., et al.
(1994). Endothelin-1 activates
mitogen-activated protein kinases
through two independent sig-
nalling pathways in rat astrocytes.
Biochem. Biophys. Res. Commun.
204, 1325–1333.
Katz, A. M., Amankulor, N. M.,
Pitter, K., Helmy, K., Squatrito,
M., and Holland, E. C. (2012).
Astrocyte-specific expression
patterns associated with the
PDGF-induced glioma microenvi-
ronment. PLoS ONE 7:e32453. doi:
10.1371/journal.pone.0032453
Kawaguchi, T., Tobai, S., and
Nakamura, K. (1982). Extravascular
migration of tumor cells in the
brain: an electron microscopic
study. Invasion Metastasis 2, 40–50.
Kienast, Y., von Baumgarten, L.,
Fuhrmann, M., Klinkert, W. E.,
Goldbrunner, R., Herms, J., et al.
(2010). Real-time imaging reveals
the single steps of brain metastasis
formation. Nat. Med. 16, 116–122.
Kim, S. J., Kim, J. S., Park, E. S.,
Lee, J. S., Lin, Q., Langley, R. R.,
et al. (2011). Astrocytes upregulate
survival genes in tumor cells and
induce protection from chemother-
apy. Neoplasia 13, 286–298.
Frontiers in Cellular Neuroscience www.frontiersin.org April 2013 | Volume 7 | Article 40 | 10
O’Brien et al. Imaging astrocyte involvement in CNS tumors
Kostianovsky, A. M., Maier, L. M.,
Anderson, R. C., Bruce, J. N.,
and Anderson, D. E. (2008).
Astrocytic regulation of human
monocytic/microglial activation.
J. Immunol. 181, 5425–5432.
Kuchibhotla, K. V., Lattarulo, C. R.,
Hyman, B. T., and Bacskai, B.
J. (2009). Synchronous hyperactiv-
ity and intercellular calcium waves
in astrocytes in Alzheimer mice.
Science 323, 1211–1215.
Kuhlow, C. J., Krady, J. K., Basu, A., and
Levison, S. W. (2003). Astrocytic
ceruloplasmin expression, which is
induced by IL-1beta and by trau-
matic brain injury, increases in the
absence of the IL-1 type 1 receptor.
Glia 44, 76–84.
Kumar, S., and Zhuo, L. (2010).
Longitudinal in vivo imaging of
retinal gliosis in a diabetic mouse
model. Exp. Eye Res. 91, 530–536.
Langley, R. R., Fan, D., Guo, L., Zhang,
C., Lin, Q., Brantley, E. C., et al.
(2009). Generation of an immor-
talized astrocyte cell line from H-
2Kb-tsA58 mice to study the role of
astrocytes in brain metastasis. Int.
J. Oncol. 35, 665–672.
Launes, J., Hokkanen, L., Nikkinen,
P., Liewendahl, K., Salonen, O.,
Siren, J., et al. (1995). Hyperfixation
of 99mTc-HMPAO and hypofix-
ation of 123I-iomazenil in acute
herpes encephalitis. Neuroreport 6,
1203–1206.
Lavisse, S., Guillermier, M., Herard,
A. S., Petit, F., Delahaye, M., Van
Camp, N., et al. (2012). Reactive
astrocytes overexpress TSPO and are
detected by TSPOpositron emission
tomography imaging. J. Neurosci.
32, 10809–10818.
Le, D. M., Besson, A., Fogg, D. K., Choi,
K. S., Waisman, D. M., Goodyer,
C. G., et al. (2003). Exploitation
of astrocytes by glioma cells to
facilitate invasiveness: a mechanism
involving matrix metalloproteinase-
2 and the urokinase-type plas-
minogen activator-plasmin cascade.
J. Neurosci. 23, 4034–4043.
Lee, H. W., Seol, H. J., Choi, Y. L.,
Ju, H. J., Joo, K. M., Ko, Y. H.,
et al. (2012). Genomic copy num-
ber alterations associated with the
early brain metastasis of non-small
cell lung cancer. Int. J. Oncol. 41,
2013–2020.
Lee, J., Borboa, A. K., Baird, A., and
Eliceiri, B. P. (2011). Non-invasive
quantification of brain tumor-
induced astrogliosis. BMC Neurosci.
12:9. doi: 10.1186/1471-2202-12-9
Leybaert, L., Paemeleire, K., Strahonja,
A., and Sanderson, M. J. (1998).
Inositol - trisphosphate-dependent
intercellular calcium signaling
in and between astrocytes and
endothelial cells. Glia 24, 398–407.
Li, J., Li, J. P., Zhang, X., Lu, Z., Yu, S.
P., and Wei, L. (2012a). Expression
of heparanase in vascular cells and
astrocytes of the mouse brain after
focal cerebral ischemia. Brain Res.
1433, 137–144.
Li, T., Bourgeois, J. P., Celli, S., Glacial,
F., Le Sourd, A. M., Mecheri,
S., et al. (2012b). Cell-penetrating
anti-GFAP VHH and corresponding
fluorescent fusion protein VHH-
GFP spontaneously cross the blood-
brain barrier and specifically recog-
nize astrocytes: application to brain
imaging. FASEB J. 26, 3969–3979.
Lin, E. Y. (2010). Linking inflammation
to tumorigenesis in colon: Stat3, a
double-edged sword? Cell Cycle 9,
2485–2486.
Lin, Q., Balasubramanian, K., Fan, D.,
Kim, S. J., Guo, L., Wang, H., et al.
(2010). Reactive astrocytes protect
melanoma cells from chemother-
apy by sequestering intracellular cal-
cium through gap junction com-
munication channels. Neoplasia 12,
748–754.
Liu, R. S., Chang, C. P., Chu, L. S.,
Chu, Y. K., Hsieh, H. J., Chang,
C. W., et al. (2006). PET imag-
ing of brain astrocytoma with 1-
11C-acetate. Eur. J. Nucl. Med. Mol.
Imaging 33, 420–427.
Lorger, M., and Felding-Habermann,
B. (2010). Capturing changes in
the brain microenvironment dur-
ing initial steps of breast cancer
brain metastasis. Am. J. Pathol. 176,
2958–2971.
Louis, D. N., Ohgaki, H., Wiestler, O.
D., Cavenee, W. K., Burger, P. C.,
Jouvet, A., et al. (2007). The 2007
WHO classification of tumours of
the central nervous system. Acta
Neuropathol. 114, 97–109.
Lovatt, D., Sonnewald, U.,
Waagepetersen, H. S., Schousboe,
A., He, W., Lin, J. H., et al.
(2007). The transcriptome and
metabolic gene signature of pro-
toplasmic astrocytes in the adult
murine cortex. J. Neurosci. 27,
12255–12266.
Lowery, R. L., Zhang, Y., Kelly, E.
A., Lamantia, C. E., Harvey, B.
K., and Majewska, A. K. (2009).
Rapid, long-term labeling of cells
in the developing and adult rodent
visual cortex using double-stranded
adeno-associated viral vectors. Dev.
Neurobiol. 69, 674–688.
Mank, M., Santos, A. F., Direnberger,
S., Mrsic-Flogel, T. D., Hofer, S. B.,
Stein, V., et al. (2008). A geneti-
cally encoded calcium indicator for
chronic in vivo two-photon imag-
ing. Nat. Methods 5, 805–811.
Marchetti, D., Li, J., and Shen, R.
(2000). Astrocytes contribute to
the brain-metastatic specificity of
melanoma cells by producing hep-
aranase. Cancer Res. 60, 4767–4770.
Marik, J., Ogasawara, A., Martin-
McNulty, B., Ross, J., Flores, J.
E., Gill, H. S., et al. (2009). PET
of glial metabolism using 2-18F-
fluoroacetate. J. Nucl. Med. 50,
982–990.
McAllister, M. S., Krizanac-Bengez,
L., Macchia, F., Naftalin, R. J.,
Pedley, K. C., Mayberg, M. R.,
et al. (2001). Mechanisms of glucose
transport at the blood-brain barrier:
an in vitro study. Brain Res. 904,
20–30.
McCaslin, A. F., Chen, B. R.,
Radosevich, A. J., Cauli, B.,
and Hillman, E. M. (2011). In vivo
3D morphology of astrocyte-
vasculature interactions in the
somatosensory cortex: implications
for neurovascular coupling. J. Cereb.
Blood Flow Metab. 31, 795–806.
Meisingset, T. W., Risa, O., Brenner,
M., Messing, A., and Sonnewald, U.
(2010). Alteration of glial-neuronal
metabolic interactions in a mouse
model of Alexander disease. Glia 58,
1228–1234.
Mendes, O., Kim, H. T., Lungu, G.,
and Stoica, G. (2007). MMP2 role
in breast cancer brain metasta-
sis development and its regulation
by TIMP2 and ERK1/2. Clin. Exp.
Metastasis 24, 341–351.
Mendes, O., Kim, H. T., and Stoica,
G. (2005). Expression of MMP2,
MMP9 and MMP3 in breast cancer
brainmetastasis in a ratmodel.Clin.
Exp. Metastasis 22, 237–246.
Middeldorp, J., and Hol, E. M. (2011).
GFAP in health and disease. Prog.
Neurobiol. 93, 421–443.
Miyawaki, A., Llopis, J., Heim, R.,
McCaffery, J. M., Adams, J. A.,
Ikura, M., et al. (1997). Fluorescent
indicators for Ca2+ based on green
fluorescent proteins and calmod-
ulin. Nature 388, 882–887.
Morga, E., Faber, C., and Heuschling, P.
(1998). Cultured astrocytes express
regional heterogeneity of the
immunoreactive phenotype under
basal conditions and after gamma-
IFN induction. J. Neuroimmunol.
87, 179–184.
Mulligan, S. J., and MacVicar, B. A.
(2004). Calcium transients in astro-
cyte endfeet cause cerebrovascular
constrictions. Nature 431, 195–199.
Nagai, T., Sawano, A., Park, E. S.,
and Miyawaki, A. (2001). Circularly
permuted green fluorescent pro-
teins engineered to sense Ca2+.
Proc. Natl. Acad. Sci. U.S.A. 98,
3197–3202.
Nagashima, G., Suzuki, R., Asai,
J., and Fujimoto, T. (2002).
Immunohistochemical analysis
of reactive astrocytes around
glioblastoma: an immunohisto-
chemical study of postmortem
glioblastoma cases. Clin. Neurol.
Neurosurg. 104, 125–131.
Nagashima, G., Suzuki, R., Hokaku,
H., Takahashi, M., Miyo, T., Asai,
J., et al. (1999). Graphic analy-
sis of microscopic tumor cell infil-
tration, proliferative potential, and
vascular endothelial growth fac-
tor expression in an autopsy brain
with glioblastoma. Surg. Neurol. 51,
292–299.
Nakai, J., Ohkura, M., and Imoto,
K. (2001). A high signal-to-noise
Ca(2+) probe composed of a sin-
gle green fluorescent protein. Nat.
Biotechnol. 19, 137–141.
Nimmerjahn, A., and Helmchen, F.
(2012). In vivo labeling of cortical
astrocytes with sulforhodamine 101
(SR101). Cold Spring Harb. Protoc.
2012, 326–334.
Nimmerjahn, A., Kirchhoff, F., Kerr,
J. N., and Helmchen, F. (2004).
Sulforhodamine 101 as a specific
marker of astroglia in the neocortex
in vivo. Nat. Methods 1, 31–37.
Nolte, C., Matyash, M., Pivneva,
T., Schipke, C. G., Ohlemeyer,
C., Hanisch, U. K., et al. (2001).
GFAP promoter-controlled EGFP-
expressing transgenic mice: a tool to
visualize astrocytes and astrogliosis
in living brain tissue.Glia 33, 72–86.
Nussbaum, E. S., Djalilian, H. R., Cho,
K. H., and Hall, W. A. (1996). Brain
metastases. Histology, multiplicity,
surgery, and survival. Cancer 78,
1781–1788.
Oliveira, R., Christov, C., Guillamo, J.
S., De Bouard, S., Palfi, S., Venance,
L., et al. (2005). Contribution of gap
junctional communication between
tumor cells and astroglia to the
invasion of the brain parenchyma
by human glioblastomas. BMC
Cell Biol. 6:7. doi: 10.1186/1471-
2121-6-7
Papadopoulos, V., Amri, H., Boujrad,
N., Cascio, C., Culty, M., Garnier,
M., et al. (1997). Peripheral ben-
zodiazepine receptor in cholesterol
transport and steroidogenesis.
Steroids 62, 21–28.
Park, E. S., Kim, S. J., Kim, S. W., Yoon,
S. L., Leem, S. H., Kim, S. B., et al.
(2011). Cross-species hybridization
of microarrays for studying tumor
transcriptome of brain metastasis.
Proc. Natl. Acad. Sci. U.S.A. 108,
17456–17461.
Pekny, M., and Nilsson, M. (2005).
Astrocyte activation and reactive
gliosis. Glia 50, 427–434.
Frontiers in Cellular Neuroscience www.frontiersin.org April 2013 | Volume 7 | Article 40 | 11
O’Brien et al. Imaging astrocyte involvement in CNS tumors
Pellerin, L., andMagistretti, P. J. (1994).
Glutamate uptake into astrocytes
stimulates aerobic glycolysis: a
mechanism coupling neuronal
activity to glucose utilization.
Proc. Natl. Acad. Sci. U.S.A. 91,
10625–10629.
Pellerin, L., andMagistretti, P. J. (1997).
Glutamate uptake stimulates Na+,
K+-ATPase activity in astrocytes
via activation of a distinct sub-
unit highly sensitive to ouabain.
J. Neurochem. 69, 2132–2137.
Petito, C. K., Morgello, S., Felix, J.
C., and Lesser, M. L. (1990). The
two patterns of reactive astrocytosis
in postischemic rat brain. J. Cereb.
Blood Flow Metab. 10, 850–859.
Plate, K. H., Breier, G., Millauer, B.,
Ullrich, A., and Risau, W. (1993).
Up-regulation of vascular endothe-
lial growth factor and its cognate
receptors in a rat glioma model of
tumor angiogenesis. Cancer Res. 53,
5822–5827.
Pologruto, T. A., Yasuda, R., and
Svoboda, K. (2004). Monitoring
neural activity and [Ca2+] with
genetically encoded Ca2+ indica-
tors. J. Neurosci. 24, 9572–9579.
Rizzo, A., Pallone, F., Monteleone, G.,
and Fantini, M. C. (2011). Intestinal
inflammation and colorectal can-
cer: a double-edged sword? World
J. Gastroenterol. 17, 3092–3100.
Saas, P., Walker, P. R., Hahne, M.,
Quiquerez, A. L., Schnuriger, V.,
Perrin, G., et al. (1997). Fas ligand
expression by astrocytoma in vivo:
maintaining immune privilege
in the brain? J. Clin. Invest. 99,
1173–1178.
Sailasuta, N., Harris, K., Tran, T., and
Ross, B. (2011). Minimally inva-
sive biomarker confirms glial activa-
tion present in Alzheimer’s disease:
a preliminary study. Neuropsychiatr.
Dis. Treat. 7, 495–499.
Saito, N., Hatori, T., Murata, N., Zhang,
Z. A., Ishikawa, F., Nonaka, H., et al.
(2007). A double three-step theory
of brain metastasis in mice: the role
of the pia mater and matrix met-
alloproteinases. Neuropathol. Appl.
Neurobiol. 33, 288–298.
Samdani, A. F., Kuchner, E. B., Rhines,
L., Adamson, D. C., Lawson, C.,
Tyler, B., et al. (2004). Astroglia
induce cytotoxic effects on brain
tumors via a nitric oxide-dependent
pathway both in vitro and in vivo.
Neurosurgery 54, 1231–1237.
discussion: 1237–1238.
Sarkar, S., Nuttall, R. K., Liu, S.,
Edwards, D. R., and Yong, V.
W. (2006). Tenascin-C stimulates
glioma cell invasion through matrix
metalloproteinase-12. Cancer Res.
66, 11771–11780.
Schroeter, M. L., Muller, S., Lindenau,
J., Wiesner, B., Hanisch, U. K., Wolf,
G., et al. (2001). Astrocytes induce
manganese superoxide dismutase
in brain capillary endothelial cells.
Neuroreport 12, 2513–2517.
Seike, T., Fujita, K., Yamakawa, Y., Kido,
M. A., Takiguchi, S., Teramoto, N.,
et al. (2011). Interaction between
lung cancer cells and astrocytes
via specific inflammatory cytokines
in the microenvironment of brain
metastasis. Clin. Exp. Metastasis 28,
13–25.
Serrano, A., Robitaille, R., and Lacaille,
J. C. (2008). Differential NMDA-
dependent activation of glial cells
in mouse hippocampus. Glia 56,
1648–1663.
Serres, S., Raffard, G., Franconi, J.
M., and Merle, M. (2008). Close
coupling between astrocytic and
neuronal metabolisms to fulfill
anaplerotic and energy needs in
the rat brain. J. Cereb. Blood Flow
Metab. 28, 712–724.
Shigetomi, E., Kracun, S., Sofroniew,
M. V., and Khakh, B. S. (2010).
A genetically targeted optical sen-
sor to monitor calcium signals in
astrocyte processes. Nat. Neurosci.
13, 759–766.
Sibson, N. R., Dhankhar, A., Mason,
G. F., Behar, K. L., Rothman, D.
L., and Shulman, R. G. (1997).
In vivo 13C NMR measurements
of cerebral glutamine synthesis as
evidence for glutamate-glutamine
cycling. Proc. Natl. Acad. Sci. U.S.A.
94, 2699–2704.
Sibson, N. R., Lowe, J. P., Blamire,
A. M., Martin, M. J., Obrenovitch,
T. P., and Anthony, D. C. (2008).
Acute astrocyte activation in brain
detected by MRI: new insights into
T(1) hypointensity. J. Cereb. Blood
Flow Metab. 28, 621–632.
Sibson, N. R., Mason, G. F., Shen, J.,
Cline, G.W., Herskovits, A. Z., Wall,
J. E., et al. (2001). In vivo (13)C
NMR measurement of neurotrans-
mitter glutamate cycling, anaplero-
sis and TCA cycle flux in rat
brain during. J. Neurochem. 76,
975–989.
Simmons, M. L., and Murphy, S.
(1992). Induction of nitric oxide
synthase in glial cells. J. Neurochem.
59, 897–905.
Slosman, D. O., Ludwig, C., Zerarka,
S., Pellerin, L., Chicherio, C., de
Ribaupierre, A., et al. (2001). Brain
energy metabolism in Alzheimer’s
disease: 99mTc-HMPAO SPECT
imaging during verbal fluency and
role of astrocytes in the cellular
mechanism of 99mTc-HMPAO
retention. Brain Res. Brain Res. Rev.
36, 230–240.
Sofroniew, M. V. (2009). Molecular
dissection of reactive astrogliosis
and glial scar formation. Trends
Neurosci. 32, 638–647.
Squires, R. F., and Brastrup, C. (1977).
Benzodiazepine receptors in rat
brain. Nature 266, 732–734.
Stanimirovic, D. B., Ball, R., Small, D.
L., and Muruganandam, A. (1999).
Developmental regulation of glu-
tamate transporters and glutamine
synthetase activity in astrocyte cul-
tures differentiated in vitro. Int. J.
Dev. Neurosci. 17, 173–184.
Takahashi, H., Matsumoto, H., Kumon,
Y., Ohnishi, T., Freeman, C., Imai,
Y., et al. (2007). Expression of hep-
aranase in nestin-positive reactive
astrocytes in ischemic lesions of rat
brain after transient middle cerebral
artery occlusion. Neurosci. Lett. 417,
250–254.
Tang, D., Hight, M. R., McKinley, E.
T., Fu, A., Buck, J. R., Smith, R. A.,
et al. (2012). Quantitative preclin-
ical imaging of TSPO expression
in glioma using N, N-diethyl-2-(2-
(4-(2-18F-fluoroethoxy)phenyl)-5,
7-dimethylpyrazolo[1, 5-a]pyrimi
din-3-yl)acetamide. J. Nucl. Med.
53, 287–294.
Tateishi, N., Mori, T., Kagamiishi, Y.,
Satoh, S., Katsube, N., Morikawa,
E., et al. (2002). Astrocytic acti-
vation and delayed infarct expan-
sion after permanent focal ischemia
in rats. Part II: suppression of
astrocytic activation by a novel
agent (R)-(-)-2-propyloctanoic acid
(ONO-2506) leads to mitigation of
delayed infarct expansion and early
improvement of neurologic deficits.
J. Cereb. Blood Flow Metab. 22,
723–734.
Tian, G. F., Azmi, H., Takano, T., Xu,
Q., Peng, W., Lin, J., et al. (2005).
An astrocytic basis of epilepsy. Nat.
Med. 11, 973–981.
Tian, G. F., Takano, T., Lin, J. H., Wang,
X., Bekar, L., and Nedergaard, M.
(2006). Imaging of cortical astro-
cytes using 2-photon laser scan-
ningmicroscopy in the intact mouse
brain. Adv. Drug Deliv. Rev. 58,
773–787.
Tsien, R. Y. (1988). Fluorescence
measurement and photochem-
ical manipulation of cytosolic
free calcium. Trends Neurosci. 11,
419–424.
Tsuchida, T., Takeuchi, H., Okazawa,
H., Tsujikawa, T., and Fujibayashi,
Y. (2008). Grading of brain glioma
with 1-11C-acetate PET: compari-
son with 18F-FDG PET. Nucl. Med.
Biol. 35, 171–176.
Versijpt, J. J., Dumont, F., Van Laere, K.
J., Decoo, D., Santens, P., Audenaert,
K., et al. (2003). Assessment of
neuroinflammation and microglial
activation in Alzheimer’s disease
with radiolabelled PK11195 and
single photon emission computed
tomography. A pilot study. Eur.
Neurol. 50, 39–47.
Voutsinos-Porche, B., Knott, G.,
Tanaka, K., Quairiaux, C., Welker,
E., and Bonvento, G. (2003). Glial
glutamate transporters and matu-
ration of the mouse somatosensory
cortex. Cereb. Cortex 13, 1110–1121.
Wang, K., and Walz, W. (2003).
Unusual topographical pattern
of proximal astrogliosis around
a cortical devascularizing lesion.
J. Neurosci. Res. 73, 497–506.
Wang, X., Lou, N., Xu, Q., Tian, G. F.,
Peng, W. G., Han, X., et al. (2006).
Astrocytic Ca2+ signaling evoked
by sensory stimulation in vivo. Nat.
Neurosci. 9, 816–823.
Waniewski, R. A., and Martin, D. L.
(1998). Preferential utilization of
acetate by astrocytes is attributable
to transport. J. Neurosci. 18,
5225–5233.
Winkeler, A., Boisgard, R., Awde, A.
R., Dubois, A., Theze, B., Zheng,
J., et al. (2012). The transloca-
tor protein ligand [(1)(8)F]DPA-
714 images glioma and activated
microglia in vivo. Eur. J. Nucl. Med.
Mol. Imaging 39, 811–823.
Winkler, F., Kienast, Y., Fuhrmann,
M., Von Baumgarten, L., Burgold,
S., Mitteregger, G., et al. (2009).
Imaging glioma cell invasion in vivo
reveals mechanisms of dissemina-
tion and peritumoral angiogenesis.
Glia 57, 1306–1315.
Wyss-Coray, T., and Mucke, L. (2002).
Inflammation in neurodegenera-
tive disease–a double-edged sword.
Neuron 35, 419–432.
Yamasaki, T., Enomoto, K., Moritake,
K., and Maeno, T. (1994). Analysis
of intra- and intercellular calcium
signaling in a mouse malignant
glioma cell line. J. Neurosurg. 81,
420–426.
Yang, Y., Vidensky, S., Jin, L., Jie,
C., Lorenzini, I., Frankl, M., et al.
(2011). Molecular comparison of
GLT1+ and ALDH1L1+ astrocytes
in vivo in astroglial reporter mice.
Glia 59, 200–207.
Yu, N., Maciejewski-Lenoir, D., Bloom,
F. E., and Magistretti, P. J. (1995).
Tumor necrosis factor-alpha and
interleukin-1 alpha enhance glucose
utilization by astrocytes: involve-
ment of phospholipase A2. Mol.
Pharmacol. 48, 550–558.
Zamanian, J. L., Xu, L., Foo, L. C.,
Nouri, N., Zhou, L., Giffard, R. G.,
et al. (2012). Genomic analysis of
reactive astrogliosis. J. Neurosci. 32,
6391–6410.
Frontiers in Cellular Neuroscience www.frontiersin.org April 2013 | Volume 7 | Article 40 | 12
O’Brien et al. Imaging astrocyte involvement in CNS tumors
Zhang, J., Sarkar, S., and Yong, V. W.
(2005). The chemokine stromal cell
derived factor-1 (CXCL12) pro-
motes glioma invasiveness through
MT2-matrix metalloproteinase.
Carcinogenesis 26, 2069–2077.
Zhang, M., and Olsson, Y. (1995).
Reactions of astrocytes and
microglial cells around hematoge-
nous metastases of the human
brain. Expression of endothelin-like
immunoreactivity in reactive astro-
cytes and activation of microglial
cells. J. Neurol. Sci. 134, 26–32.
Zhang, W., Couldwell, W. T., Simard,
M. F., Song, H., Lin, J. H., and
Nedergaard, M. (1999). Direct gap
junction communication between
malignant glioma cells and astro-
cytes. Cancer Res. 59, 1994–2003.
Zheng, J., Boisgard, R., Siquier-Pernet,
K., Decaudin, D., Dolle, F., and
Tavitian, B. (2011). Differential
expression of the 18 kDa transloca-
tor protein (TSPO) by neoplastic
and inflammatory cells in mouse
tumors of breast cancer. Mol.
Pharm. 8, 823–832.
Zhu, L., Ramboz, S., Hewitt, D., Boring,
L., Grass, D. S., and Purchio, A.
F. (2004). Non-invasive imaging
of GFAP expression after neuronal
damage in mice. Neurosci. Lett. 367,
210–212.
Zhuo, J., Xu, S., Proctor, J. L., Mullins,
R. J., Simon, J. Z., Fiskum, G.,
et al. (2012). Diffusion kurtosis
as an in vivo imaging marker
for reactive astrogliosis in trau-
matic brain injury. Neuroimage 59,
467–477.
Zhuo, L., Sun, B., Zhang, C. L., Fine,
A., Chiu, S. Y., and Messing, A.
(1997). Live astrocytes visualized
by green fluorescent protein in
transgenic mice. Dev. Biol. 187,
36–42.
Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.
Received: 05 February 2013; accepted: 26
March 2013; published online: 16 April
2013.
Citation: O’Brien ER, Howarth C and
Sibson NR (2013) The role of astro-
cytes in CNS tumors: pre-clinical models
and novel imaging approaches. Front.
Cell. Neurosci. 7:40. doi: 10.3389/fncel.
2013.00040
Copyright © 2013 O’Brien, Howarth
and Sibson. This is an open-access arti-
cle distributed under the terms of the
Creative Commons Attribution License,
which permits use, distribution and
reproduction in other forums, provided
the original authors and source are cred-
ited and subject to any copyright notices
concerning any third-party graphics etc.
Frontiers in Cellular Neuroscience www.frontiersin.org April 2013 | Volume 7 | Article 40 | 13
